Abstract. Sorbitol has been reported to have anticancer effects in several tumor models, however its effects on colorectal cancer remain elusive. In the present study, the effects of sorbitol on growth inhibition and apoptosis in the colorectal cancer HCT116 cell line were evaluated and its mechanism of action was examined. An MTT assay was utilized to determine the effect of sorbitol on HCT116 cell proliferation at different time points and variable doses. Western blot analysis was used to examine the effect of sorbitol on apoptosis-related protein expression and the p38 MAPK signaling pathway. The results revealed that sorbitol may inhibit the growth of HCT116 cells in a time-and dose-dependent manner. Following treatment with sorbitol for 3 h, western blotting demonstrated cleavage of the caspase-3 zymogen protein and a cleavage product of poly (ADP-ribose) polymerase (PARP), a known substrate of caspase-3, was also evident. During sorbitol-induced apoptosis, the mitochondrial pathway was activated by a dose-dependent increase in Bax expression and cytochrome c release, while the expression of anti-apoptotic protein Bcl-2 was significantly decreased in a dose-dependent manner. The investigation for the downstream signal pathway revealed that sorbitol-induced apoptosis was mediated by an increase in phosphorylated p38 MAPK expression. Overall, the observations from the present study imply that sorbitol causes increased levels of Bax in response to p38 MAPK signaling, which results in the initiation of the mitochondrial death cascade. Therefore, sorbitol is a promising candidate as a potential chemotherapeutic agent for the treatment of colorectal cancer HCT116 cells.
Introduction
Colorectal cancer (CRC) is one of the most common malignant tumor types of the digestive tract. The incidence of CRC has been rising over the past several decades due to improving living standards and dietary changes. Clinically, due to preoperative medical imaging examination, surgical technology and the use of powerful chemotherapeutics, the prognosis for CRC has markedly improved. Despite this, CRC remains responsible for >10% of all cancer-associated mortalities (1) . The occurrence of CRC is a complex multi-stage process and includes the disruption of intestinal epithelial cell proliferation, differentiation, apoptosis and survival (2) . Abnormal signal transduction networks are involved in all stages of tumor development. A number of studies have demonstrated that abnormal cell proliferation and dysregulated apoptosis were correlated with the occurrence of human colorectal carcinoma (3) . A variety of factors may decrease tumor cell apoptosis, acting through different signal transduction pathways, and resulting in CRC occurrence. The p38 mitogen-activated protein kinases (MAPK) signaling pathway is an important component of the MAPK superfamily, which is activated by diverse extracellular stimuli and has a central role in cell apoptosis. Abnormalities in this pathway are associated with tumorigenesis and the development of other proliferative diseases (4) (5) (6) (7) . Examining the role of the p38 MAPK signaling pathway in CRC development, using chemical intervention, may provide a reliable theoretical basis for further elucidating CRC pathogenesis.
Sorbitol has been used as a treatment for cerebral edema and glaucoma, and edematous oliguria of normal cardiac function, due to its property of diuresis dehydration. Recently, a number of studies have demonstrated that sorbitol may activate the p38 MAPK signal transduction pathway and induce the apoptosis of tumor cells (8) (9) (10) . Therefore, it is important to examine further whether sorbitol is able to induce apoptosis of human colorectal cancer cells and to elucidate the associated molecular mechanisms.
The aim of the present study was to document the possible inhibitory effect of sorbitol in colorectal cancer, using the human colorectal cancer HCT116 cell line as a model system. Then, it was investigated whether the apoptosis and p38 MAPK signaling pathway described above were involved in sorbitol-induced HCT116 cell death. Cells and culture conditions. The colorectal cancer HCT116 cell line (Shanghai Institute of Cell Biology, Chinese Academy of Sciences, Shanghai, China) was maintained in RPMI-1640 medium (Gibco, Carlsbad, CA, USA). The medium was supplemented with 10% fetal calf serum (Gibco). A total of 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco), and all of the cells were maintained at 37˚C in a humidified atmosphere containing 5% CO 2 and 95% air. Western blotting analysis. Following treatment of the cells with different concentrations of sorbitol (0.5, 1.0 and 1.5 M) for 3 h, PARP, cleaved PARP, capase-3, cleaved capase-3, Bax, Bcl-2, cytochrome c, p38 and p-p38 expression was detected by western blotting. A total of 1x10 6 cells were washed with ice-cold phosphate-buffered saline (PBS; Sigma) twice and lysed with cell lysis buffer at 4˚C for 30 min. Cell debris was removed by centrifugation at 15,000 x g for 15 min at 4˚C. Equal amounts of proteins were separated by 10% SDS-PAGE and transferred onto nitrocellulose membrane. The membranes were first stained to confirm the uniform transfer of all samples and then incubated in the blocking solution for 2 h at room temperature. The membranes were first incubated with the primary monoclonal antibodies at a dilution of 1:1,000 for 2 h, followed by extensive washing with PBS twice and Tris-buffered saline with Tween 20 (TBST; Sigma) twice. The membranes were then incubated with their corresponding peroxidase-conjugated secondary antibodies (dilution, 1:1,000) and washed with TBST. Tubulin was used as an internal control. The immunoreactive proteins were detected using an Amersham ECL western blotting detection system (GE Healthcare, Amersham, UK).
Sorbitol induces apoptosis of human
Statistical analysis. Statistical analysis was conducted using SPSS 11.5 software (SPSS, Inc., Chicago, IL, USA). All results are presented as the mean ± SD. The Student's t-test was used for statistical analysis. P<0.05 was considered to indicate a statistically significant result. Sorbitol inhibits apoptosis-related protein expression. The HCT116 cells were incubated with different doses of sorbitol (0, 0.5, 1.0 and 1.5 M) for 3 h, respectively. Following protein extraction, western blotting was used to examine the expression of apoptosis-related proteins, capase-3, cleaved capase-3, PARP and cleaved PARP. The results demonstrated that the expression of cleaved capase-3 and cleaved PARP were markedly increased in the sorbitol treatment group as compared with that in the control group ( Fig. 2A) , and this difference was statistically significant (P<0.05; Fig. 2B ).
Results

Sorbitol inhibits
To estimate the contribution of the mitochondrial apoptosis-related pathway, the protein expression of cytochrome c, Bax and Bcl-2 were also detected by western blotting analysis (Fig. 3A, C, E) . The results revealed that sorbitol significantly increased the expression of cytochrome c and Bax in HCT116 cells compared with that in the control group, while the expression levels of anti-apoptotic protein Bcl-2 were significantly decreased. These differences were statistically significant Fig. 3B, D, F) . The results suggest that sorbitol may induce apoptosis of HCT116 cells through the mitochondrial apoptotic signaling pathway.
Sorbitol induces apoptosis via the p38 MAPK signaling pathway.
Following treatment of HCT116 cells with different concentrations of sorbitol (0, 0.5, 1.0 and 1.5 M) for 3 h, the expression of p38 and p-p38 were analyzed by western blotting analysis. The results demonstrated that the expression of p-p38 was increased in the sorbitol-treated group (Fig. 4A) . The difference was statistically significant compared with the control group (P<0.05; Fig. 4B ). These results suggest that the activation of the p38 MAPK pathway may participate in the process of sorbitol-induced HCT116 cell apoptosis.
Discussion
As an important raw material, sorbitol has been used extensively in the pharmaceutical, chemical, light and food industries. Sorbitol has also been used to treat cerebral edema and glaucoma, and edematous oliguria of normal cardiac function, due to its property of diuresis dehydration. A number of studies have demonstrated that sorbitol may activate the p38 MAPK signal transduction pathway and induce the apoptosis of tumor cells (8) (9) (10) . In the present study, it was identified that sorbitol inhibited HCT116 cell growth and markedly induced apoptosis when the concentration of sorbitol was ≥0.5 M.
The total cell cycle time for numerous types of tumor is equal to or even longer than that of the corresponding normal cell (11) (12) . In healthy cells, there are certain restriction points, including the G1/S and G2/M stages. When DNA is damaged, the cell cycle is paused at a certain point, which facilitates cellular repair of such damage. When, however, DNA damage cannot be successfully repaired during the pause, the cells enter the apoptosis process by triggering the expression of apoptosis-induced genes. In tumor cells, there is no such repair function. Therefore, the balance between the proliferation and apoptosis of cells is disrupted and cell growth is unlimited by such repair mechanisms. According to these factors, chemotherapeutic agents aim to induce tumor cell apoptosis, block the cell cycle, directly kill tumor cells and induce the differentiation of tumor cells at certain sites and pathways of the cell cycle (13) . However, in addition to high doses of chemotherapy and radiotherapy, one of the major antitumor effects of general antitumor drugs, radiation and hormone preparations is to induce the apoptosis of respective sensitive cells to achieve therapeutic purposes. Therefore, apoptosis has a critical role in cancer treatment (14) . In general, there are intrinsic and extrinsic apoptotic pathways, which differ in their activation of specific signaling pathways. The execution process of apoptosis is consistent and characterized by a distinctive series of biochemical events. One set of mediators implicated in apoptosis belongs to the aspartate-specific cysteine proteases or caspases (15) . Their contributions are largely through the cleavage of a variety of substrates, including PARP, a known substrate of caspase-3. Thus far, >10 caspases have been identified. Caspase-3, as a critical apoptosis executive, is activated and the cleavage of its zymogen protein appears in the cytosol when apoptosis occurs (16) . Bcl-2 family proteins are known to be involved in mitochondrial apoptotic pathway. The balance of pro-apoptotic (Bax, Bad and Bid) and anti-apoptotic members (Bcl-2, Bcl-xL and Mcl-1) regulates the responses of cells to apoptosis activators. The translocalization of apoptotic proteins from the cytosol to the surface of the mitochondria leads to the release of cytochrome c into the cytosol, where it is bound to apoptotic protease activating factor-1 and triggers the caspase cascade (17) (18) (19) .
p38 MAPK, a main member of the MAPK family, is important in a variety of pathophysiological processes. Activated p38 MAPK may enter the nucleus, or be transferred to other cellular locations, and results in the activation of transcription factors when its serine/tyrosine residue is phosphorylated (20) . It has been reported that p38 MAPK activity is associated with apoptotic induction in several cell types and in response to a multitude of cellular stresses (21) . Activation of p38 MAPK is also required for numerous anticancer drugs to induce tumor cell apoptosis (22) (23) (24) . At present, it is widely believed that p38 MAPK induces apoptosis involved with Bax translocation to the mitochondria and an increase in Bax/Bcl-2 ratio, cytochrome c release, and caspase-9 and caspase-3 activation (25) (26) .
In the present study, the data outline the antitumor mechanism of sorbitol treatment in colorectal cancer HCT116 cells. It was demonstrated that sorbitol induced apoptotic cell death, which was accompanied by the activation of caspase-3 and PARP (P<0.05). Further investigation revealed that sorbitol-evoked apoptosis occurred in colorectal cancer HCT116 cells via the mitochondrial death cascade, with an upregulation of Bax, downregulation of Bcl-2 and the release of cytochrome c. Furthermore, the results revealed that sorbitol was able to increase the level of phosphorylation of p38, which then activated the p38 MAPK pathway. In conclusion, the results demonstrate that p38 MAPK-mediated activation of pro-apoptotic protein Bax promotes sorbitol-induced apoptotic cell death via the mitochondrial death cascade. Therefore, sorbitol represents a promising candidate for the development of novel chemotherapeutic agents for the treatment of colorectal cancer.
